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Abstract Rivers are known to be major contributors to
eutrophication in marine coastal waters, but little is
known on the short-term impact of freshwater surges
on the structure and functioning of the marine plankton
community. The effect of adding river water, reducing
the salinity by 15 and 30%, on an autumn plankton
community in a Mediterranean coastal lagoon (Thau
Lagoon, France) was determined during a 6-day
mesocosm experiment. Adding river water brought not
only nutrients but also chlorophyceans that did not sur-
vive in the brackish mesocosm waters. The addition of
water led to initial increases (days 1–2) in bacterial
production as well as increases in the abundances of
bacterioplankton and picoeukaryotes. After day 3, the
increases were more significant for diatoms and

dinoflagellates that were already present in the Thau
Lagoon water (mainly Pseudo-nitzschia spp. group
delicatissima and Prorocentrum triestinum) and other
larger organisms (tintinnids, rotifers). At the same time,
the abundances of bacterioplankton, cyanobacteria, and
picoeukaryote fell, some nutrients (NH4

+, SiO4
3−)

returned to pre-input levels, and the plankton structure
moved from a trophic food web based on secondary
production to the accumulation of primary producers in
the mesocosms with added river water. Our results also
show that, after freshwater inputs, there is rapid emer-
gence of plankton species that are potentially harmful to
living organisms. This suggests that flash flood events
may lead to sanitary issues, other than pathogens, in
exploited marine areas.
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Introduction

Streams and rivers provide the main inputs of anthropogenic
pollutants into estuarine and coastal marine environments.
They are the main contributors of nitrogen and phosphorus
to coastal ecosystems with potentially serious consequences
because they influence the N and P limitation of algal produc-
tion found in many estuarine and marine systems [1]. In the
Mediterranean climate, flash floods have a rapid, intense ef-
fect on coastal productivity in restricted exchange areas such
as lagoons [2, 3] and in open areas such as bays [4, 5].
Floodwaters bring freshwater that is highly enriched with nu-
trients, particles, organic and metal contaminants, and micro-
bial components into marine waters within a short period of
time (days or a few weeks; [2, 6]). The main consequence for
marine waters of this sudden increased supply of nutrients is a
marked increase in phytoplankton biomass and production
within days after the flood surge [2, 4]. Both the occurrence
of potentially harmful phytoplankton species [2] and high
concentrations of nitrogen [7] have been reported in coastal
Mediterranean waters after a flood event. However, owing to
the unpredictability of such rapid, episodic events, little re-
search has been carried out to determine the consequences of
these flash floods on lagoon water. The mixing of freshwater
and marine microbial communities may result in a more di-
verse, active community similar to communities observed
along a permanent salinity gradient in estuaries [8]. The
highest levels of phytoplankton and bacterial biomass and
production have often been observed in more saline waters
(salinity 25–35) along a salinity gradient, where there is a
balance between salinity tolerance and nutrient availability
[2, 9, 10]. Moreover, mixing zones may allow the emergence
of new assemblages that favor rare species in the source pop-
ulations [11] or the coexistence of plankton from different
sources [12].

The short-term (over days or weeks) effect of an autumn
Mediterranean flash flood on the abundance, biomass, diversity,
and production of the coastal microbial food web has already
been studied along a salinity gradient in the Thau Lagoon
(France). The substantial loading of nutrients in the river encour-
aged the development of marine diatoms [3]. However, this
previous experiment also showed that the large inputs of river
organic matter did not appear to cause an immediate increase in
marine heterotrophic bacterial production [2]. This suggests that
bacteria and phytoplankton respond to flood events over differ-
ent timescales. The consequences for the higher trophic levels
remain unclear. Although flash floods cause changes in plankton
diversity by importing freshwater organisms such as heterotro-
phic bacteria and ciliates into the lagoon, they also lead to a

reduction in the number of more sensitive lagoon species, such
as tintinnids. This may result in a predator/prey mismatch [3]
when the timing between the occurrence of predators and their
prey is not synchronized [13].

An experimental in situ mesocosm approach was used to
study the direct effects of different volumes of river discharge
on the responses of bacteria, phytoplankton and predator di-
versity, biomass, and production of the Thau Lagoon plankton
community as well as the timescales of these responses.
Experimental mesocosms were used to exclude rapidly
shifting hydrodynamic effects and assess the short-term (over
hours) and medium-term (over days) effects of the addition of
different volumes of river water to 2 m3 mesocosms contain-
ing water from the Thau Lagoon, resulting in moderate reduc-
tions in salinity (down to 30 and 25). Our results highlight the
rapid response (1–2 days) of the whole microbial food web
after the river water addition, followed by the growth of po-
tentially harmful diatoms and dinoflagellates, reaching a very
high abundance of up to 107 cells L−1.

Materials and Method

Experiment Design

A mesocosm experiment was performed in autumn 2009 at
the MEDiterranean platform for Marine Ecosystem
Experimental Research (MEDIMEER, http://www.
medimeer.univ-montp2.fr/) located on the shores of the Thau
Lagoon in the south of France (43° 24′ 49″ N, 3° 41′ 19″ E).
Water from the Véne River (the main tributary of the lagoon)
was collected on September 28 using a pump and screened
(1 mm) to remove very large living and non-living particles.
The water was then stored in a 3000-L cooling tank (4 °C)
stirred continuously using a submersible pump (25 Lmin−1) to
homogenize and preserve the river water for the 2-day period
required to set up the mesocosm experiment. The temperature
of the river water was 15 °Cwhen collected andwas 13 °C just
before it was added to the mesocosms. We assumed that this
2 °C change did not modify the river community and chem-
istry during the 2-day storage period.

Water was pumped from the subsurface (1 m) of Thau
Lagoon, close to the MEDIMEER Pontoon, on September
30 into six moored mesocosms before nightfall. The experi-
ment started the following morning (October 1) in duplicate
with two mesocosms having 30% v/v freshwater (1400 L la-
goon water and 600 L river water, HIGH treatment), two
mesocosms having 20% v/v freshwater (1600 L lagoon water
and 400 L river water, LOW treatment), and two mesocosms
having no added freshwater (2000 L lagoon water only,
CONT treatment). The volume of water added to each
mesocosm was measured using a water meter mounted on
the hose used for filling the mesocosms with water from the
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Thau lagoon and with river water successively. The water
column in each mesocosm was mixed continuously using a
pump (Tunze) with a flow rate of 30 L min−1.

Samples of the river water were taken just before the
mesocosms were topped up (October 1) to measure the con-
centrations of dissolved and particulate matter, plankton abun-
dance (except mesozooplankton), chlorophyll a concentra-
tion, and bacterial production. In each mesocosm, the salinity,
temperature, and pH were monitored daily using a multipa-
rameter probe (multi350i, WTW) between October 1 (day 0)
and October 7 (day 6). After the addition of the river water,
samples from each mesocosm were taken daily using the
pump to fill a 20-L carboy to determine the nutrient concen-
trations and dissolved and particulate organic carbon and ni-
trogen, chlorophyll a, and bacterio- and phytoplankton abun-
dance and production. Several samples were collected every
4 h during the first 36 h of the experiment to study (i) nitrate,
phosphate, and silicate concentrations; (ii) abundance of het-
erot rophic bacter ioplankton, cyanobacter ia , and
picoeukaryote, and (iii) bacterial production. Samples for es-
timating the microplankton abundance and for identification
were collected on days 0, 2, 4, and 6, and samples for
mesozooplankton quantification and identification were col-
lected on days 0 and 6.

Concentrations of Nutrients, Dissolved Organic Carbon,
and Nitrogen

Samples (80 mL) were collected in triplicate. Ammonium
(NH4) concentrations were measured in unfiltered samples
immediately after sampling (50 mL) using a spectrophotome-
ter (Hitachi U-3000) and the indophenol blue method [14].
Samples for the concentrations of dissolved nitrate (NO3 and
NO2), nitrite, soluble reactive phosphate (PO4), and silicic
acid (Si(OH)4) were filtered onto 0.2-μm nuclepore filters
and stored frozen (−20 °C) until analysis using an automated
colorimeter (Skalar Autoanalyzer) using standard analysis
methods [15]. Samples for dissolved organic carbon (DOC)
analyses were preserved with phosphoric acid, filtered using
precombusted Whatman GF/F filters, and analyzed using a
Shimadzu TOC VCPH as described in Fouilland et al. [2].
The concentration of dissolved organic nitrogen (DON) was
measured using the wet oxidation procedure described by
Raimbault et al. [16].

Concentrations of Chlorophyll A, Particulate Organic
Carbon, and Nitrogen

Samples for measuring the chlorophyll a (chl a) concentra-
tions were filtered (0.1 to 1 L) onto glass fiber filters
(Whatman GF/F, 25 mm, 0.7 μm nominal pore size), frozen
in liquid nitrogen, and then stored at −80 °C until analysis. Chl
a was measured by HPLC following the method described by

Zapata et al. [17] with some modifications for the HPLC sys-
tem used [18].

The concentrations of particulate organic carbon and nitro-
gen were measured using the samples for the assessment of
primary production (see section below). After 4 h incubation
with a 13C tracer (sodium bicarbonate-13C at a final concen-
tration of 100 μmol L−1), the samples (0.5 L) were filtered
onto precombusted Whatman GF/F filters and stored at
−80 °C until analysis. The filters were dried at 60 °C for
24 h, pelleted, and analyzed for particulate organic carbon
(POC) and nitrogen (PON) using an ANCA mass spectrome-
ter (Europa Scientific).

Abundance of Prokaryotes and Picoeukaryotes

To determine the prokaryote and picoeukaryote abundance,
samples (1.6 mL) were fixed with prefiltered (0.02 μm) buff-
ered formaldehyde (2% final concentration) and stored at
−80 °C until analysis. The samples were thawed, and the
bacterioplankton, cyanobacteria, and picoeukaryote abun-
dances were determined using a FACSCalibur flow cytometer
(Becton Dickinson) as described by Pecqueur et al. [3]. The
abundances of cyanobacteria and picoeukaryotes were con-
verted into carbon biomass using a conversion factor of 100
and 3000 fg C cell−1, respectively [19]. The bacterial carbon
biomass was estimated from the bacterioplankton abundance
using a conversion factor of 20 fg C cell−1 [20].

Abundance, Biomass, and Diversity of Nanoplankton,
Microplankton, and Mesozooplankton

Phytoplankton cells were enumerated using 125 mL samples
fixed with 2% Lugol’s solution. Quantifications were per-
formed using the Utermöhl sedimentation method [35] using
an inverted microscope (Nikon Eclipse TS100). Units (cells or
colonies) were counted and sized in random fields [21] under
×20 magnification until at least 100 units of the dominant
species had been enumerated [22]. The biovolume was calcu-
lated for each species according to Hillebrand et al. [23] and
Sun and Liu [24] and converted into biomass carbon using a
conversion factor of 220 fg C μm3 [25].

Heterotrophic flagellates (HF) were enumerated using an
epifluorescent microscope while naked ciliates and tintinnids
were identified, quantified, and sized using an inverted micro-
scope as described by Pecqueur et al. [3]. Heterotrophic fla-
gellates were classified into two size classes of <3 and 3–
5 μm. To calculate the biovolume, each cell was considered
as a sphere with a median diameter of 1.5 and 4 μm for each of
the two size classes and was then converted to biomass carbon
using a conversion factor of 0.22 pg C μm3 [26]. The
biovolume of naked ciliates and tintinnids was estimated con-
sidering their cells as spheres and then converted to biomass
carbon using a conversion factor of 0.19 pg C μm3 [27].
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For mesozooplankton abundance and identification, sam-
ples (60 L) were collected using three 20-L polycarbonate
containers. The water was then filtered through a 60-μm
screen to collect and concentrate the zooplankton, which were
then stored in neutralized formalin (4% final concentration).
Metazooplankton taxa were identified as described by Rose
[31] and Razouls et al. [28] and enumerated using a Leica
MZ6 dissecting microscope. The mesozooplankton biomass
carbon was determined from the biovolumes using the
Alcaraz et al. [29] relationship for the northwestern
Mediterranean.

Heterotrophic Bacterial Production and Primary
Production

The net bacterial production (BP) was estimated from the
DNA synthesis rates measured by [3H-methyl] thymidine
(3H-TdR) incorporation as described by Bouvy et al. [30].
The BP was calculated using a conversion factor of 2 × 1018

cells mol−1 TdR [31] and 20 fg C cell−1 [20]. The net carbon
uptake rates were determined using a 13C stable isotope tracer
(sodium bicarbonate-13C at a final concentration of
100 μmol L−1) as described in Fouilland et al. [2]. This meth-
od was used to assess the net particulate primary production
(PPp): the net uptake of CO2 and its accumulation in the par-
ticulate matter after 4 h incubation of samples around midday
under mesocosm in situ natural light and temperature condi-
tions. The PPp was also expressed as the daily rate by multi-
plying the hourly rate by 10, assuming 10 h of effective day-
light at that time of year.

Index of Dissimilarity Calculated from the Plankton
Species Composition

The index of dissimilarity is used to compare the degree of
dissimilarity of the plankton community structure between the
treatments (adapted from Whittaker’s index of association
[32]). This index of dissimilarity was used because it is re-
sponsive to the less abundant species or groups, which is par-
ticularly relevant when addressing diversity at community
level. The species abundance weighted by the biovolume
was used rather than the species abundance alone [32]) in
order to take into account the difference in cell size between
the plankton species or groups. For this experiment, the index
of dissimilarity was calculated between two different condi-
tions on day 0 and day 6 (i.e., River vs CONT, River vs LOW,
River vs HIGH, CONT vs LOW, CONT vs HIGH, LOW vs
HIGH) and between 2 days (i.e., day 0 vs day 6). The index
was calculated for the various species of microphytoplankton
and zooplankton identified using a microscope and enumerat-
ed in all treatments at the beginning (day 0) and end of the
experiment (day 7). All the biovolumes (the species abun-
dance multiplied by the cell biovolume) were then converted

in to a percen tage of to ta l p lank ton b iovo lume
(microphytoplankton + zooplankton) to normalize the data
for comparison between days and treatments. The index of
dissimilarity D was calculated by summing the differences
between each species of a pair of corresponding values and
dividing by 2 to give an index between 0 (similar) and 100
(dissimilar), according to the following equation:

D ¼ 1

2
∑
n

i¼1

ai
A
−
bi
B

�
�
�
�

�
�
�
�
� 100:

with
ai the biovolume of the Bi^ species under the Ba^ condition, A:
the total plankton biovolume under the Ba^ condition
bi the biovolume of the Bi^ species under the Bb^ condition, B:
the total plankton biovolume under the Bb^ condition

Statistical Tests

Repeated measure multivariate analysis of variance
(MANOVA, Systatv.11.0, SPSS) was used to test for signifi-
cant differences in the various chemical and biological vari-
ables between the CONT, LOW, and HIGH treatments. In this
statistical method, the repeated measures of a given variable
are considered as dependent variables [33]. When no signifi-
cant difference between LOW and HIGH treatments was ob-
served with repeated measure MANOVA, a one-way analysis
of variance was performed on the variables for each sampling
day followed by an a posteriori Fisher’s least significant dif-
ference (LSD) test [34]. This test was used to identify means
that were significantly different between the LOWand HIGH
treatments. The significance threshold was set at p < 0.05.

Results

Initial Characteristics of the Water from the River
and Thau Lagoon

The temperature of the water collected from the Vène River
was 15 °C and decreased to 13 °C during storage in a cooling
tank before being added to the mesocosms. The concentra-
tions of PO4

3−, NH4
+, and NO3

− (0.8–3.7 mg L−1) in the river
water were two or three orders of magnitude greater than those
measured in Thau Lagoon (0.003–0.02 mg L−1) during the
study period (Table 1). The abundances of bacterioplankton
and picoeucaryotes (50 × 106 and 0.5 × 106 cells mL−1, re-
spectively) in the river water just before being added to the
mesocosms were one order of magnitude greater (ANOVA
and a posteriori Fisher’s LSD test, p < 0.001) than those sam-
pled from the Thau Lagoon at the beginning of the mesocosm
experiment (7 × 106 and 0.02 × 106 cells mL−1, respectively).
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The chlorophyll a concentrations (7 μg chl a L−1) and bacte-
rial production (14 μg C L−1 h−1) were also much higher
(ANOVA and a posteriori Fisher’s LSD test, p = 0.005 and
0.001, respectively) in the river water than in the lagoon water
at the beginning of the experiment (2 μg chl a L−1 and 1.8 μg
C L−1 h−1, respectively). Of the two species of ciliates ob-
served in the river water, Coleps sp. was dominant and the
phytoplankton community was largely dominated by freshwa-
ter chlorophyceans of the order of Chlamydomonadales.

Effect of Adding River Water on Nutrient Concentrations

The addition of 20% v/v of river water to the LOW treatment
reduced the salinity from 36 to 29, and the addition of 30% v/v
to the HIGH treatment reduced the salinity to 26 (Table S1).
Adding river water immediately reduced the temperature (by
0.7 °C in the HIGH treatment) and pH (by 0.1 in the HIGH
treatment) (Table S1). The short-term variations in nitrate,
phosphate, and silicate concentrations were measured during
the first 36 h of the experiment, showing significant increases
in concentration within the first 4 h after adding river water for
both LOW and HIGH treatments (Fig. 1). Thereafter, these
concentrations remained stable for several hours and, 24 h

after adding the river water, the concentrations of organic mat-
ter (Fig. 2) and SiO4

3−were two to six times greater than in the
CONT treatment and the concentrations of NO3

−, NO2, NH4
+,

and PO4
3− were 40 to 400 times greater (Fig. 1). After a few

days, the concentrations of NO3
−, NO2

−, PO4
3−, SiO4

3−

(Fig. 1), and DON decreased whereas the DOC concentrations
(Fig. 2) increased substantially from the middle of the exper-
iment, reaching 6 and 7 mg C L−1 in the LOW and HIGH
treatments, respectively. The pH also increased from 8 to 8.8
in the LOW treatment and 8.9 in the HIGH treatment by the
end of the experiment (Table S1).

Effect of Adding River Water on Plankton Abundance,
Activity, and Diversity

The addition of river water clearly increased the abundance of
bacterioplankton through the introduction of river organisms
(Fig. 3a). The abundances of bacterioplankton increased rap-
idly during the first 2 days of the experiment in the LOWand
HIGH treatments, but suddenly decreased with the lowest
abundances on days 3 and 4 (Fig. 3a). At the end of the ex-
periment, the bacterioplankton abundance increased in both
the LOW and HIGH treatments (Fig. 3a). There were three

Table 1 Chemical and biological
(mean and range) variables
measured in the Vène River water
before it was added to the
mesocosms and in the CONT
mesocosms at the beginning of
the experiment (day 0)

Variables Unit Vène River Thau Lagoon

Mean Range Mean Range

Temperature °C 13 na 21.7 <0.01

Suspended matter mg L‑1 109.5 10.5 na na

Dry organic matter mg L‑1 19.00 <0.01 na na

Total nitrogen mg N L‑1 7.08 0.31 na na

Total phosphorus mg P L‑1 1.45 0.25 na na

Dissolved nitrogen mg N L‑1 5.83 0.14 na na

Dissolved phosphorus mg P L‑1 1.4 0.1 na na

NH4
+ mg N-NH4 L

−1 3.69 0.12 0.0175 0.0002

PO4
3− mg P-PO4 L

−1 1.22 0.08 0.0033 <0.0001

NO2
− mg N-NO2 L

−1 0.3 <0.01 0.0012 <0.0001

NO3
− mg N-NO3 L

−1 0.78 0.19 0.0128 <0.0001

Dissolved organic carbon mg C L−1 10.6 na 2.58 0.05

Bacteria abund. ×106 cells mL−1 48 12 7.07 0.67

Cyanobacteria abund. ×103 cells mL−1 0.24 na 31.59 0.38

Picoeukaryote abund. ×103 cells mL−1 493 0.03 24.95 1.21

HF abund. ×103 cells mL−1 2.36 1.03 0.90 0.18

Diatom abund. ×103 cells mL−1 0.04 na 0.025 0.003

Chlorophycean abund. ×103 cells mL−1 2.27 na 0.00 0.00

Naked ciliate abund. Ind L−1 0.07 0.02 4.23 0.26

Microphytoplankton richness Species 6 na 8.5 0.5

Ciliate richness Species 2 na 15.7 0.3

Chlorophyll α concentrations μg Chl a L−1 6.71 0.77 2.42 0.11

Bacterial production μg C L−1 h−1 14.33 0.24 1.83 0.17

na measurement or replicate not available
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peaks of bacterial production after the addition of river water
(Fig. 3b): one during the first 12 h of the experiment, the
second on the second day of the experiment, and the last after
5 days. Although not statistically different, the bacterial pro-
duction rates were generally lower in the LOW treatment than
in the HIGH, reaching a maximum of 8 μg C L−1 h−1, more
than twice the maximum rates measured in the CONT
treatment.

The sudden addition of river water did not significantly
change the initial concentration of autotrophic biomass (i.e.,
chl a concentrations). However, there was a significant in-
crease in concentration from day 3, reaching about 50 μg
chl a L−1 in the LOW treatment and almost double this in
the HIGH treatment (Fig. 4a). For the first day of the experi-
ment, the particulate primary production PPp rates were lower
in the LOWand HIGH treatments than in the CONT treatment
(Fig. 4b). Thereafter, the rates substantially increased up to
235 μg C L−1 h−1 in the LOW treatment and 495 μg
C L−1 h−1 in the HIGH treatment, which were about an order
of magnitude higher than the rates in the CONT treatment
(maximum of 41 μg C L−1 h−1).

The addition of river water also increased the abundance of
picoeukaryotes and chlorophyceans through the introduction
of river organisms (Fig. 5). However, after this initial increase,
the chlorophycean abundance fell significantly throughout the
experiment in both HIGH and LOW treatments (Fig. 5c). The
abundance of picoeukaryotes increased rapidly after adding
the river water, followed by much greater increases in diatoms
(Fig. 5e) and dinoflagellates (Fig. 5d) in the LOWand HIGH
treatments to levels significantly higher than in CONT. The
addition of river water significantly increased the
microphytoplankton richness especially during the first days
of the experiment (Fig. S2). The diatom Pseudo-nitzschia spp.
group delicatissima and the dinoflagellate Prorocentrum
triestinum were dominant in both the LOW and HIGH treat-
ments (45–73% of total abundance) while the diatom
Ceratoneis closterium was dominant (65% of total abun-
dance) in the CONT treatment.

However, the addition of river water, which had very low
abundances of cyanobacteria and ciliates, reduced the abun-
dance of these organisms originally present in marine lagoon
waters in the LOWandHIGH treatments (Fig. 5a and Fig. S3).
Nevertheless, the abundance of tintinnids increased in the
HIGH treatment, resulting in a very high final abundance

C) NH4
+

** *** * *** *** * *
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�Fig. 1 Concentrations (mean and range) of a nitrate, b nitrite, c
ammonium, d phosphate, and e silicate during the experiment in
mesocosms without added river water (CONT) and in mesocosms with
the addition of 20% (LOW) and 30% (HIGH) river water. The p values
are for the repeated measure multivariate analysis of variance (rm
MANOVA) performed between the CONT, LOW and HIGH treatments
(CLH) and LOW and HIGH (LH). Asterisks denote a significant differ-
ence between the LOW and HIGH treatments when an a posteriori
Fisher’s LSD test was performed for each sampling day
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(Fig. S3). In general, tintinnids dominated the ciliate commu-
nity, with a high abundance of Tiarina fusus in the CONT
treatment and Tintinnopsis beroidea in the HIGH treatment
at the end of the experiment. At the end of the experiment,

rotifers largely dominated the mesozooplankton in the LOW
and HIGH treatments while copepod nauplii, together with
rotifers, were dominant (76–83% of total mesozooplankton
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abundance) in the CONT treatment (Table S4). The
ciliate richness (just after adding the river water) and
mesozooplankton (on the last day of the experiment) was low-
er in the LOWand HIGH treatments (Fig. S2) than in CONT,
although there was no significant difference between the treat-
ments and CONT over the whole experiment period. Overall,
there was no significant difference in abundance of
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are for the repeated measure multivariate analysis of variance (rm
MANOVA) performed between the CONT, LOW, and HIGH treatments
(CLH) and LOW and HIGH (LH). Asterisks denote a significant differ-
ence between the LOW and HIGH treatments when an a posteriori
Fisher’s LSD test was performed for each sampling day
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cyanobacteria, picoeukaryotes, diatoms, dinoflagellates,
chlorophyceans, heterotrophic flagellates, naked ciliates, roti-
fers, and copepods between LOW and HIGH treatments (rm
MANOVA p > 0.05).

Effect of Adding RiverWater on the PlanktonCommunity
Structure and Production

The index of dissimilarity was calculated on day 0 and day 6
in order to compare the degree of dissimilarity of the plankton
community structure between the experimental conditions at
the beginning and end of the experiment (Table S5). The
plankton community structure of the river water was clearly
dissimilar to that of the mesocosmwaters at the beginning and
end of the experiment (index of dissimilarity >60). The plank-
ton community structure in the LOW and HIGH treatments
changed significantly between the beginning and end of the
experiment with an index of dissimilarity of 75 and 78, re-
spectively, and also differed significantly from the CONT
treatment (index of dissimilarity >60) at the end of
experiment.

The net carbon biomass production of the various plankton
communities, the net DOC production, and the net POC pro-
duction were estimated for the CONT, LOW, and HIGH treat-
ments as the difference between the values measured for the
carbon biomass of each community and the DOC and POC
concentrations at the end (day 6) and at the beginning of the
experiment (day 0). In LOW and HIGH, the phytoplankton
carbon biomass and DOC were higher and the biomass of
large predators (ciliates, mesozooplankton) was lower than

in CONT (Fig. 6). In CONT, the net plankton production (=
sum of all the components of the plankton community) was
much lower than the net POC production (Table 2) (ANOVA
and a posteriori Fisher’s LSD test, p = 0.03). Furthermore, in
CONT, the particulate primary production (PPp) converted
into daily rate by multiplying the hourly rates by 10
(photoperiod) and cumulated over the whole experimental
period was higher (ANOVA and a posteriori Fisher’s LSD
test, p = 0.08) than the net POC production (Table 2). Such
discrepancies were not found in the LOW and HIGH treat-
ments where no significant differences (ANOVA and a
posteriori Fisher’s LSD test, p > 0.2) were found between
the net plankton and POC production and cumulative partic-
ulate primary production (Table 2).

Discussion

Experimental Design

During flash floods, Mediterranean lagoon systems are char-
acterized by high particle loads and rapidly changing hydro-
dynamics that can result in rapid advection and a change in
sedimentation. It is, therefore, difficult to distinguish between
the direct and indirect effects of flash floods and to draw
conclusions on the direct effect of river discharge on coastal
plankton communities from in situ observations. The experi-
mental procedure used in this study simulated a moderate
input of river waters into a marine coastal ecosystem, leading
to a reduction in salinity and a substantial increase in dissolved
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matter, comparable to a sudden flash flood event as normally
observed in coastal waters, particularly in autumn in the
Mediterranean Thau Lagoon [2, 3]. Fouilland et al. [2] de-
scribed in situ changes following a flash flood event similar
to that studied in this experiment, with the exception of PO4

3−

and POC concentrations. The PO4
3− concentrations were

higher and the POC concentrations were lower in the
mesocosms with added river water than those reported in situ
at similar salinity by Fouilland et al. These differences are
probably due to the source of the freshwater used in this ex-
periment as the water was pumped from the Vène during a
period of baseflowwhen the water tends to be highly loaded in
PO4

− and not sampled during a flash flood event when it is
highly loaded with particles.

In the present study, the dynamics of the nutrient concen-
trations sampled at frequent intervals (every 4 h during the
first 36 h of the experiment) showed that a period of at least
4 h hours was required to mix the water in each mesocosm
after adding the river water. The concentrations of PO4

3−,
NO3

−, NO2
−, and SiO4

3− increased for 4 h after adding the
river water and only started to decrease afterwards. This also
explains the reduction in salinity (from 26.15 on day 0 to
24.55 on day 1) in the HIGH treatment. The concentrations
of dissolved and particulate matter 4 h after adding the river
water were, therefore, considered to be representative of the
entire mesocosm water column. The use of different volumes
of added river water showed that marine primary production
responded proportionally and positively to the addition of riv-
er water, with no apparent strong stress due to the reduction in
salinity for the range tested here (25–30).

Differences in the Immediate Effects of Adding River
Water on Plankton Richness and Production

One day after adding the river water, NO3
− and PO4

3−

concentrations were one to three orders of magnitude great-
er than those in the CONT treatment. Similarly, the abun-
dances of bacterioplankton, picoeukaryotes, and
chlorophyceans were much higher at the beginning of the
experiment in the mesocosms with added river water. This
clearly shows that the river water brought nutrients (NO3

−

and PO4
3−) and living organisms (e.g., chlorophyceans)

that were not initially present in the lagoon water.
However, the abundances of cyanobacteria and ciliates (na-
ked ciliates and tintinnids) in the river water were much
lower than in the Thau Lagoon water at the beginning of
the experiment and adding river water to the mesocosms
diluted the organisms initially present. Similarly, as the
microbial community differed between the river and the
Thau Lagoon, the sudden introduction of river water into
lagoon marine water significantly increased the richness of
the resulting community of phytoplankton but reduced the
richness of ciliates. However, some of the river phyto-
plankton groups detected by microscope disappeared rapid-
ly after being introduced into the mesocosm, suggesting
that these river communities did not survive in the brackish
waters of the mesocosms. This is consistent with the re-
duced PPp rates and reduced PPp per unit of chl a, (data
not shown) measured in the LOW and HIGH treatments at
the beginning of the experiment, suggesting that there was
a significant disruption of autotrophic activity. The river
community dominated by Chlorophyceans (Scenedesmus
spp., and Chlorococcales species) was, therefore, probably
affected by the osmotic shock that occurred when the river
water was added to the saline water. In a similar study, a
significant reduction in phytoplankton growth was ob-
served when phytoplankton communities from the
Schelde River were mixed with water (salinity 20) from
the brackish Schelde estuary [35]. Flaming and
Kromkamp [36] pointed out the importance of osmoregu-
latory processes causing respiration to increase while the
maximum photosynthetic capacity decreased, when culti-
vated freshwater phytoplankton (Scenedesmus protuberans)
is exposed to a sharp increase in salinity. This may well
explain the reduction of primary production that was ob-
served immediately following a flash flood in the Thau
Lagoon in Autumn 2008 [3] and also supports the substan-
tial reduction in nanophytoplankton observed during the
same flash flood in 2008 in Thau Lagoon [3].
Nevertheless, the decrease in the abundance and richness
of ciliates that was also observed in Thau Lagoon during
the flash flood in 2008 [3] was probably due to their
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Table 2 Average and range of (i) cumulative particulate primary pro-
duction (PPp) and (ii) net plankton (bacteria + phytoplankton +
mesozooplankton C biomass) production and POC production, both es-
timated from the difference between values measured at the end (day 6)

and the beginning (day 0) of the experiment, in the mesocosms without
added river water (CONT), and in mesocosms with the addition of 20%
(LOW) and 30% (HIGH) river water

CONT LOW HIGH

Net plankton production (μg C L−1) 573 (51) 4228 (1775) 10299 (2748)

Net POC production (μg C L−1) 891 (38) 5586 (3241) 13074 (20)

Cumulative PPp (μg C L−1) 1499 (282) 7581 (390) 14739 (1558)

The cumulative PPp was calculated as the sum of PPp measured each day during the experiment and expressed in daily rates by multiplying the hourly
rates by 10 (photoperiod)



dilution with ciliate-poor river water, as was also observed
here.

Substantial Change in the Marine Plankton Community
Structure After Adding River Water

The small plankton community (bacterioplankton and
picoeukaryotes) rapidly benefited from the addition of nutri-
ents from the river water (i.e., bottom-up control). This sug-
gests that the autochthonous Thau Lagoon microbial commu-
nities can increase rapidly with the introduction of allochtho-
nous organic and inorganic nutrients. The resident microbial
community in the Thau Lagoon responded within 2 days after
the addition of a soil extract during a mesocosm experiment
performed in the same area in June 2011 [37]. There was a
strong top-down control from the second day of the experi-
ment, resulting in a decrease in the abundance of small plank-
ton cells. This is consistent with the increase of the abundance
of heterotrophic flagellates, tintinnids, and rotifers observed in
the LOW and HIGH treatments. After the addition of river
water, the abundance of rotifers increased by almost two or-
ders of magnitude (up to about 2 × 103 ind. L−1) in the LOW
and HIGH treatments. Rotifers appeared to be the first to ben-
efit from the substantial increase in phytoplankton and
tintinnids, accounting for 66–91% of total mesozooplankton
abundance.

After day 3, diatoms and dinoflagellates (potentially toxic
or otherwise harmful species: Pseudo-nitzschia spp. group
delicatissima and P. triestinum) that were already present in
the Thau Lagoon water increased substantially (up to 28 × 106

and 13 × 106 cells L−1, respectively) in the LOW and HIGH
treatments. This clearly demonstrates the ability of some po-
tentially toxic or otherwise harmful phytoplankton species to
increase rapidly in the Thau Lagoon during an intense, epi-
sodic event such as a river flash flood in autumn. This corrob-
orates the findings that nutrient pollution promotes the devel-
opment of many harmful estuarine/coastal algal blooms [38].
The occurrence of the third peak of bacterioplankton biomass
and production observed in the LOW and HIGH treatments
was probably a direct consequence of the substantial produc-
tion of DOC observed at the middle of the experiment. The
production of such high amounts of DOC is probably due to
the very high PPp rates measured after adding the river water.
This supports the strong dependence of heterotrophic bacteria
on freshly released phytoplankton-derived carbon as has been
observed during phytoplankton blooms in these coastal waters
[39, 40] and others Mediterranean areas [41].

For mesozooplankton, the pattern is complex and not so
clear probably due to the timescale of the experiment. Indeed,
copepods’ development time from egg to adult is around
1 month and a 6-day experiment is not expected to modify
substantially the abundances of communities within a treat-
ment other than egg production and hatching. Indeed, the egg

production depends on copepod recent past feeding (2 last
days) [42]. Copepod nauplii have more than doubled in the
CONT treatment, they slightly increased in the LOW treat-
ment, and they did not change in the HIGH treatment while
their initial occurrence was similar (Table S4). The difference
observed between treatments may be due to the direct effect of
a change in the seawater characteristics such as increased pH
and/or lower salinity, which have been shown to impact the
hatching success and the naupliar development [43, 44]. The
prey type and size might also be of importance on copepods’
reproduction and growth [45]. Dietary diversity is a nutritional
requirement, which changes ontogenetically from copepodid
to adult stage. Mixed food sources are recognized to be more
efficient than a single food source in terms of egg production
and viability in omnivorous copepods [45]. As the main co-
pepod species occurring in the mesocosms were omnivorous
(Oithona sp. and Acartia sp.), we suggest that the sudden
increase in abundance of some phytoplankton species only,
which in addition might be potentially toxic or otherwise
harmful species, might not favor the egg production and
hatching and consequently nauplii abundance.

The addition of river water had a generally substantial
effect on the change in plankton structure after the 6 days
of the experiment compared to the CONT treatment, with
plankton structures differing by about 70%. This suggests
that the short-term dynamics of the Thau Lagoon plankton
community when subjected to a moderate flood event are
species-dependent, implying rapid responses of trophic in-
teractions. Such a change in plankton community structure
would have also significant consequences on carbon
production.

Consequences of the Addition of River Water
on the Carbon Production

The main consequence of the addition of a substantial volume
of river water on the production of the planktonic and dis-
solved compartments (zooplankton, phytoplankton,
bacterioplankton, DOC) was the large accumulation of
microphytoplankton carbon biomass and DOC in the LOW
and HIGH treatments, accounting for 67 and 25% of total
(plankton + DOC) carbon production (Fig. 6). In the CONT
treatment, however, zooplankton biomass accounted for about
27% of the total carbon production (Fig. 6). The large discrep-
ancy between the net carbon production of plankton and POC
and the cumulative particulate primary production measured
over the experiment period in CONT (Table 2) suggests an
intense production of detrital material which is probably due
to the mortality of phytoplankton and bacterioplankton
through predation. The insignificant differences between all
these carbon production estimates in LOW and HIGH treat-
ments over the period of the experiment (Table 2) suggest that
the strong increase in primary production resulted in the
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accumulation of particulate organic matter as plankton living
organisms. However, observations during a previous study in
Thau Lagoon showed a substantial increase in in situ primary
production 12 days after a flash flood event without accumu-
lation of particulate organic matter in the water column during
or after the flash flood [3]. It is, therefore, suggested that most
of the locally produced microbial biomass production during
the flash flood event was rapidly filtered by oysters reared in
the lagoon or advected outside the study area. We therefore
conclude that the sudden discharge of nutrients into coastal
lagoon waters may lead to the substantial growth of phyto-
plankton coupled with an intense production of dissolved or-
ganic matter within a week that may not immediately benefit
the autochthonous trophic food web. The rapid emergence of
potentially harmful phytoplankton species after the addition of
river waters observed during the present study reinforces the
need to monitor areas exploited for shellfish and fish farming
during or just after flash flood events.
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